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The brain, heart and gastro-intestinal tract develop distinct left–right (LR) asymmetries. Asymmetric cilia-dependent fluid flow in the
embryonic node in mouse, Kupffer's vesicle in zebrafish, notochordal plate in rabbit and gastrocoel roof plate in frog appears to be a conserved
mechanism that directs LR asymmetric gene expression and establishes the orientation of organ asymmetry. However, the cellular processes and
genetic pathways that control the formation of these essential ciliated structures are unknown. In zebrafish, migratory dorsal forerunner cells
(DFCs) give rise to Kupffer's vesicle (KV), a ciliated epithelial sheet that forms a lumen and generates fluid flow. Using the epithelial marker
atypical Protein Kinase C (aPKC) and other markers to analyze DFCs and KV cells, we describe a multi-step process by which DFCs form a
functional KV. Using mutants and morpholinos, we show that two T-box transcription factors–No tail (Ntl)/Brachyury and Tbx16/Spadetail–
cooperatively regulate an early step of DFC mesenchyme to epithelial transition (MET) and KV cell specification. Subsequently, each
transcription factor independently controls a distinct step in KV formation: Tbx16 regulates apical clustering of KV cells and Ntl is necessary for
KV lumen formation. By targeting morpholinos to DFCs, we show that these cell autonomous functions in KV morphogenesis are necessary for
LR patterning throughout the embryo.
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During development, vertebrate embryos transition from bila-
teral symmetry to left–right (LR) asymmetry. Many internal or-
gans, including the heart, brain and gastro-intestinal tract, develop
functional asymmetries along the LR axis. Perturbation of these
LR asymmetries often leads to congenital disease (reviewed in
Kosaki and Casey, 1998; Maclean and Dunwoodie, 2004). Organ
laterality is conserved among vertebrates, and it appears that
many aspects of the molecular pathway that establishes LR
asymmetry are also conserved. In all vertebrate embryos studied
to date, members of the nodal, lefty and pitx2 gene families are
asymmetrically expressed on the left side of the embryo and are
thought to convey ‘left-sidedness’ to developing organs (reviewed
in Burdine and Schier, 2000; Yost, 1999). However, events that
precede asymmetric gene expression are not well understood.⁎ Corresponding author. Fax: +1 801 585 5470.
E-mail address: jyost@genetics.utah.edu (H.J. Yost).
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doi:10.1016/j.ydbio.2007.05.039There is strong evidence that ciliated cells play a role in
establishing the LR axis. In the mouse embryo, cilia generate a
leftward fluid flow in a pit-like structure called the ventral node.
This ‘nodal flow’ leads to the initiation of asymmetric gene
expression in left lateral plate mesoderm (LPM) cells (Nonaka et
al., 1998). In zebrafish, Kupffer's vesicle (KV) is a transient
ciliated organ in the tailbud that is analogous to the mouse
ventral node pit (Amack and Yost, 2004; Essner et al., 2005).
Ciliated KV cells create a directional, counterclockwise fluid
flow within the lumen of the KV that is required for normal
asymmetric gene expression and subsequent organ laterality
(Essner et al., 2005; Kramer-Zucker et al., 2005). Cilia-driven
nodal flow has also been described in rabbit, medakafish and
Xenopus embryos (Okada et al., 2005; Schweickert et al.,
2007). These observations suggest specialized ciliated cells play
a conserved role in LR development, but the mechanisms by
which these cells are organized into a transient ‘Organ of Asym-
metry’ (Essner et al., 2005) capable of producing asymmetric
fluid flow are poorly understood.
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that give rise to the small population of ciliated cells are not
known, and not experimentally accessible, in most vertebrates.
In contrast, KV cells in zebrafish provide an excellent model to
study the genetics and cell biology of the ciliated Organ of
Asymmetry. Fate mapping studies (Cooper and D'Amico,
1996; Melby et al., 1996) have identified the precursors to KV
cells as dorsal forerunner cells (DFCs). DFCs are a group of
∼15–25 cells that first arise at the onset of gastrulation (∼50%
epiboly stage). Unlike other dorsal cells, DFCs do not involute
during gastrulation but migrate at the leading edge of the
blastoderm margin. At the end of gastrulation, DFCs
differentiate into ciliated KV cells that form the spherical,
fluid-filled KV organ. Little is known about the steps involved
in KV development or the genes that control this process.
However, previous analyses of zebrafish mutants has identified
two related T-box transcription factors–No tail (Ntl, homo-
logous to mouse Brachyury) and Tbx16 (disrupted by the
spadetail mutation)–that are required for normal KV develop-
ment (Essner et al., 2005; Melby et al., 1996). While these T-
box factors are good candidates for regulating KV cells, the
roles for each these genes are unclear.
T-box genes play a number of important roles during
development (Naiche et al., 2005). Loss-of-function mutations
in brachyury/ntl in mouse and zebrafish results in an absence of
notochord tissue in the embryonic midline, compromised
posterior development and LR defects (Bisgrove et al., 2000;
Halpern et al., 1993; Herrmann et al., 1990; King et al., 1998;
Schulte-Merker et al., 1994). Ntl plays at least two separate
roles during LR development in zebrafish: a cell-autonomous
role in DFCs required for KV development (Amack and Yost,
2004) and a second role regulating the midline, which is
essential for normal laterality in frog (Danos and Yost, 1995),
zebrafish (Chen et al., 1997; Danos and Yost, 1996) and mouse
(Meno et al., 1998; Yamamoto et al., 2003). In zebrafish, loss of
tbx16–orthologous to Xenopus VegT and mouse Tbx6 (Griffin
et al., 1998; Ruvinsky et al., 1998)–variably disrupts develop-
ment of trunk, tail, midline, blood and organ laterality (Bisgrove
et al., 2000; Chen et al., 1997; Kimmel et al., 1989). Many of
these defects in tbx16 mutant embryos are thought to be
secondary to aberrant cell movements during gastrulation (Ho
and Kane, 1990; Kimmel et al., 1989). The function of tbx16
during LR development–and in what cells–is not known.
Defects in gastrulation, midline or KV could all potentially
affect laterality in tbx16 mutant embryos.
Ntl and Tbx16 are co-expressed in some cell types during
early development (Amacher et al., 2002; Griffin et al., 1998).
While distinct mutant phenotypes demonstrate that ntl and
tbx16 perform independent functions, several studies in
zebrafish suggest T-box factors can also genetically interact in
T-box regulatory networks when expressed in the same cell. Ntl
and Tbx16 have been shown to act both additively and
synergistically to control gene expression (Goering et al., 2003;
Griffin et al., 1998) and drive mesoderm patterning (Amacher et
al., 2002). Further, tbx16 expression is dependent on Ntl in
specific groups of cells (Griffin et al., 1998), suggesting these
factors, in particular cases, can be placed in a linear pathway.Since ntl and tbx16 have been implicated KV development, we
tested how these genes regulate KV cells and whether these
factors function together or independently to control KV
formation and subsequent LR asymmetry.
Here we show ntl and tbx16 play both independent and
cooperative roles that are necessary for normal KV develop-
ment. We show ntl and tbx16 are co-expressed in DFCs during
gastrulation, raising the possibility of genetic interaction.
Confocal microscopy of KV cells immunostained with the
epithelial marker atypical Protein Kinase C (aPKC) revealed
that ntl and tbx16 mutant embryos have morphologically
distinct KV defects. Initiation of asymmetric gene expression
was randomized in both ntl or tbx16 mutants, indicating KV
function was compromised to the same extent. Similar to Ntl
(Amack and Yost, 2004), we demonstrate that Tbx16 plays a
cell autonomous role in DFCs required for normal KV
formation and LR development. This indicates laterality
defects caused by Tbx16 deficiency result–at least in part–
from disrupted KV form and function. Stage-specific immu-
nostaining analyses implicate Ntl and Tbx16 in temporally
distinct steps of KV development: KV cells in ntl mutants do
not form a lumen, whereas KV cells in tbx16 mutants fail
cluster and as a result form a lumen that is misshapen, reduced
in size and often accompanied by additional ‘mini-vesicles.’
Finally, combined loss of ntl and tbx16 revealed a cooperative
role of these factors that is necessary for differentiated KV
cells. Taken together, our results suggest Ntl and Tbx16 drive a
complex transcriptional network in DFC/KV cells that controls
multiple steps of KV development.
Materials and methods
Zebrafish
Zebrafish (Danio rerio) embryos were collected from natural matings and
raised as described (Westerfield, 1995). The Oregon AB wild-type strain was
used for morpholino oligo (MO) injections. Single heterozygotes carrying the
sptb104 allele (Griffin et al., 1998; Kimmel et al., 1989) or ntlb160 allele (Halpern
et al., 1993) and double heterozygotes carrying the sptb104 allele and ntlb195
allele (generously provided the D. Grunwald lab) were used to generate mutant
embryos. Embryos were staged according to Kimmel et al. (1995).
Morpholino injections
The sequence of an effective translation blocking morpholino that targets
tbx16 (5′-GCTTGAGGTCTCTGATAGCCTGCAT-3′) was kindly provided
by D. Grunwald and has been previously reported (Bisgrove et al., 2005).
Lissamine-tagged tbx16 morpholino (tbx16 MO), a previously characterized
(Nasevicius and Ekker, 2000) translation blocking MO against ntl (ntl MO; 5′-
GACTTGAGGCAGGCATATTTCCGAT-3′) and a standard negative control
MO (5′-CCTCTTACCTCAGTTACAATTTATA-3′) were obtained from Gene
Tools, LLC. To knock down specific gene expression in all cells, MO were
injected at the 1–4 cell stages (Nasevicius and Ekker, 2000). To target MO to
DFCs, MO were injected into the yolk cell ∼1000-cell stage as described
(Amack and Yost, 2004). For these injections, fluorescent microscopy was used
to select embryos in which MO had entered DFCs. Embryos in which MO failed
to diffuse from the injection site in the yolk or entered embryonic cells other than
DFCs were discarded. To deliver MO to the yolk cell only, MO were injected
into the yolk between the dome −30% epiboly stages. Only embryos in which
fluorescent MO had diffused throughout the yolk cell were kept for analysis. For
all injections, we delivered ∼1 nL volume that contained 3 ng of tbx16 MO,
3.5 ng of ntl MO or 3.5 ng of control MO.
198 J.D. Amack et al. / Developmental Biology 310 (2007) 196–210RNA in situ hybridization
A DIG RNA labeling kit (Roche) was used to generate antisense dig-
oxygenin labeled riboprobes against tbx16 (Griffin et al., 1998), shh (Krauss
et al., 1993), cmlc2 (Yelon et al., 1999), myoD (Weinberg et al., 1996), spaw
(Long et al., 2003), lft1, lft2 (Bisgrove et al., 1999), charon (Hashimoto et
al., 2004), sox17 (Alexander and Stainier, 1999) and leftover (Gamse et al.,
2003). In situ hybridizations were performed as described (Essner et al.,
2000). Wash and antibody incubation steps were automated by using a
Biolane HTI in situ machine (Huller and Huttner AG). Embryos were
imaged using a Nikon Coolpix 5000 digital camera and Photoshop software
(Adobe).
Immunohistochemistry
Whole-mount immunohistochemistry was performed as previously
described (Essner et al., 2005). Briefly, embryos were first incubated in
blocking solution (PBS containing 5% sheep serum, 1% bovine serum
albumin, 1% DMSO and 0.1% triton X) for 1 h and then incubated with
primary antibodies diluted in blocking solution overnight. Following washes,
embryos were incubated with fluorescent secondary antibodies overnight.
Primary antibodies included rabbit anti-Ntl (Schulte-Merker et al., 1992) and
mouse anti-Tbx16 (Amacher et al., 2002) antibodies (gifts from D.J.
Grunwald) and commercial rabbit anti-PKCζ (Santa Cruz sc-216) and mouse
anti-acetylated Tubulin antibodies (Sigma T-6793). Secondary antibodies
used were goat anti-rabbit Alexa Fluor 586, goat anti-mouse Alexa Fluor
488 and goat anti-mouse Alexa Fluor 647 (Molecular Probes). Embryos
were mounted in Slow Fade Reagent (Molecular Probes) and analyzed using
an Olympus Fluoview laser-scanning confocal microscope. All immuno-
fluorescent images presented represent the sum of multiple focal planes
through the embryo (z-series) assembled using ImageJ (NIH) and Photoshop
(Adobe) software.Fig. 1. Ntl and Tbx16 proteins are co-expressed in DFCs. (A–I) Confocal microscop
(green) and anti-Ntl (red) antibodies. Ntl and Tbx16 co-localized in the nuclei of marg
(A–C) and 90% epiboly (D–F) stages. At 4 SS, Tbx16 expression (G) was detected in
Ntl expression (arrow head in panels H, I).Results
Ntl and Tbx16 are co-expressed in DFCs during gastrulation
Ntl and Tbx16 have been implicated in KV and LR deve-
lopment, but the role of each gene has remained unknown. Since
there is evidence that T-box transcription factors can interact to
control gene expression, we asked whether Ntl and Tbx16 are
co-expressed in KV cells or progenitor DFCs. ntl is known to be
expressed in DFCs during gastrulation and differentiated KV
cells during somitogenesis (Melby et al., 1996; Schulte-Merker
et al., 1992), but there is no previous report of tbx16 expression
in these cells. RNA in situ hybridization analysis of tbx16
expression during gastrulation revealed that in addition to being
expressed in margin cells, paraxial mesoderm and prechordal
plate as previously described (Griffin et al., 1998; Ruvinsky et
al., 1998), tbx16 RNA is also expressed in DFCs (Figs. S1A, B).
During early somitogenesis, it was unclear whether or not tbx16
was expressed in KV cells due to strong expression in the
surrounding tailbud (Fig. S1C). To determine the expression
pattern of Tbx16 protein, confocal microscopy of double
fluorescent immunostained embryos using anti-Tbx16 and
anti-Ntl antibodies was performed. Ntl and Tbx16 are co-
expressed in ventral and lateral margin cells during gastrulation
and in the tailbud during early somite stages (Amacher et al.,
2002). In addition, we found that Tbx16 co-localized with Ntl in
DFCs from 60–90% epiboly (Figs. 1A–F). However, unlike Ntl,y of double fluorescent immunostaining in wild-type embryos using anti-Tbx16
in cells and dorsal forerunner cells (DFCs; arrows in panels A–F) at 60% epiboly
tailbud cells surrounding Kupffer's vesicle (KV), but not in KV cells marked by
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gastrulation and was not detected in KV cells (Figs. 1G–I) at the
4 somite stage (4 SS). This overlap of Ntl and Tbx16 expression
in DFCs suggested a genetic interaction between these T-box
factors might regulate KV development.
KV morphogenesis is differentially affected in ntl and tbx16
mutants
aPKC is a marker of epithelial KV cells
To determine whether ntl and tbx16 interact to control KV
development we asked whether ntl and tbx16 mutant embryos
have similar KV defects. Our previous analysis of KV
formation in ntl and tbx16 mutants was confined to analysis
of KV cilia with anti-acetylated Tubulin (aTubulin) antibodies
(Essner et al., 2005). While these analyses revealed that KV
cilia are disorganized in both ntl and tbx16 mutants, they did
not provide insight into KV cellular morphology in theseFig. 2. KV morphological defects are different in ntl and tbx16 mutants. (A–L) C
aTubulin (green) in KV cells at 8 SS. In wild-type embryos (A–C), aPKC marked th
and aTubulin labeled cilia protruding into the luminal space. aPKC+/aTubulin+ KV ce
consistently lacked a KV lumen (D–F). In contrast, a KV lumen formed in the majorit
accompanied by ‘mini-vesicles’ (arrow in panel L). All confocal micrographs are atembryos. Due to a paucity of molecular markers for KV cells it
has remained unclear whether morphological defects in KV
development are similar or distinct in ntl and tbx16 mutants.
Here, we show that antibodies against the epithelial marker
atypical Protein Kinase C (aPKC) (reviewed in Ohno, 2001)
preferentially label the apical surface of epithelial KV cells (Fig.
S2). Double-immunostaining with aPKC and aTubulin anti-
bodies allowed detailed analyses of KV morphology and
cellular organization (Fig. S2). Confocal microscopy revealed
that cells lining the lumen of KV on the dorsal ‘roof’ (Figs.
S2A–C), lateral ‘sides’ (Figs. S2D–F) and ventral ‘floor’ (Figs.
S2G–I) are all ciliated. Thus, the cellular architecture of KV
differs from that of the ciliated mouse node, in which ciliated
cells are thought to be restricted to the node ‘floor.’
ntl and tbx16 mutants have distinct KV phenotypes
To analyze KV morphology in ntl and tbx16 mutant em-
bryos we used both light microscopy of live embryos (dataonfocal microscopy of double fluorescent immunostaining of aPKC (red) and
e apical surface of Kupffer's vesicle (KV) cells that line the spherical KV lumen
lls were present in both ntl (D–F) and tbx16 (G–L) mutant embryos. ntl mutants
y of tbx16mutant embryos, but was reduced in size, dysmorphic (G–L) and often
the same scale (see scale bar in panel C).
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immunostained with aPKC and aTubulin antibodies (Fig. 2).
In wild-type embryos, ciliated KV cells formed a spherical
lumen by 8 SS (Figs. 2A–C). Light microscopy suggested
that KV is misformed or absent in ntl mutants (Melby et al.,
1996), but it was not known whether differentiated KV cells
were present in ntl mutants. Immunostaining of ntl mutant
embryos showed that ciliated epithelial KV cells were present
in the tailbud and appeared to form a continuous epithelial
sheet, but consistently (n=6/6) failed to inflate the lumen of
the dysmorphic KV (Figs. 2D–F). KV morphology was more
variable in tbx16 mutants. By light microscopy, 17% of tbx16
mutant embryos (n=115) formed an apparently normal KV
lumen and 83% formed a dysmorphic KV lumen that was
misshapen and reduced in size (data not shown). In tbx16
mutant embryos with KV defects, immunostaining revealed
that ciliated KV cells were present and formed a lumen that
was small and irregularly shaped (Figs. 2G–L). In many cases
(n=7/10), a dysmorphic primary KV lumen formed along
with multiple ‘mini-vesicles’ (Figs. 2J–L). These clearly
distinct KV phenotypes–lumen inflation defects in ntl and
defects in continuous epithelial sheet formation in tbx16
mutants–suggest that these transcription factors control
distinct steps in KV organogenesis.
Asymmetric gene expression initiates randomly in both ntl and
tbx16 mutants
We next investigated whether the distinct KV phenotypes in
ntl and tbx16 mutants differentially affect KV function in LR
development. In previous studies, compromising KV–by laser
ablation of DFCs, surgical disruption of KV or morpholino
abrogation of KV fluid flow–resulted in randomized (either
left-sided, right-sided, bilateral or absent) asymmetric gene
expression (Essner et al., 2005). This suggests KV directs the
orientation of asymmetric gene expression. The first known
asymmetric marker in zebrafish, southpaw (spaw), initiates in
left lateral plate mesoderm (LPM) cells at an anterior–posterior
level near KV between 10 and 12 SS (Long et al., 2003). spaw
expression then spreads anteriorly to reach the heart field by
18 SS. Thus, asymmetric spaw expression in LPM serves as a
read-out for KV function. While spaw has not been analyzed
in tbx16 mutants, spaw has been previously shown to be
bilaterally expressed in LPM in ntl mutants at relatively lateTable 1
Asymmetric spaw expression in ntl and tbx16 mutant embryos
Embryos 10–12 SS
n Left Right Bilateral Abse
ntl−/− 128 9 7 51 61
wt sibs 503 19 0 3 481
tbx16−/− 35 9 2 11 13
wt sibs 86 71 0 3 12
Asymmetric spaw expression was analyzed by RNA in situ hybridization and scored
each class. Embryos were collected from heterozygous ntl+/−×ntl+/− or tbx16+/−× tbx
by somite number of wild-type siblings (wt sibs). ntl and tbx16 mutant embryos (∼
perinodal spaw expression (see Fig. 3). n is the number of embryos analyzed.(18 SS) stages (Long et al., 2003). However, this late
expression pattern is not a reliable measure of KV function,
for two reasons. First, other zebrafish mutations that affect
midline integrity result in a similar bilateral phenotype
(Bisgrove et al., 2000). Second, when the midline expression
of Ntl is left intact and Ntl expression is specifically
diminished in KV cells, asymmetric marker patterns are
randomized, rather than bilateral (Amack and Yost, 2004). One
possible explanation for this discrepancy is that asymmetric
spaw initiation occurs randomly in posterior LPM in ntl
mutants and then spreads contra-laterally due to the lack of a
midline barrier, so that the late expression of spaw appears
bilateral.
To experimentally address this discrepancy, we analyzed
asymmetric spaw expression at stages (10–12 SS) when spaw
expression is initiated in LPM cells. At 10–12 SS, many
embryos (wild-type and mutant) did not yet show detectable
amounts of asymmetric spaw expression (Table 1). However, in
embryos that had initiated spaw expression we found
randomized sidedness in both ntl and tbx16 mutants (Table 1;
Figs. 3B, C). By 17–19 SS, spaw expression had resolved to
bilateral in all ntl mutants (Table 1; Fig. 3F), but remained
randomized in tbx16 mutants (Table 1; Fig. 3E). These results
are consistent with the idea that loss of KV form/function results
in random initiation of asymmetric spaw in both ntl and tbx16
mutants and that bilateral spaw at later stages in ntl mutants is
due to a loss of midline structures in ntl mutants that is not seen
in tbx16 mutants.
Midline barrier defects might not be the only factor in
aberrant bilateral spaw expression. First, a nodal antagonist,
charon, is expressed in cells around KV (Fig. 3G) and
thought to inhibit spaw activity in this region (Hashimoto et
al., 2004). MO knockdown of charon results in predominantly
bilateral spaw at 15–17 SS without inducing obvious midline
defects, suggesting charon functions to inhibit right-sided
spaw expression. charon is expressed in tbx16 mutants (Fig.
3H), but appears disorganized; consistent with KV defects
(Figs. 2G–L). In contrast, charon is not expressed in ntl
mutants (Hashimoto et al., 2004), providing another signifi-
cant difference between these two mutants. Second, prior to
being expressed in LPM cells, spaw is normally expressed
symmetrically in cells surrounding KV (Long et al., 2003). In
mouse, the analogous symmetric expression domain of nodal
around the node–‘perinodal’ expression–is implicated in17–19 SS
nt n Left Right Bilateral Absent
35 0 0 35 0
107 97 10 0 0
84 27 19 25 13
307 296 1 3 7
as left-sided, right-sided, bilateral or absent (see Fig. 3). Raw data are given for
16+/− crosses. Developmental stages (10–12 SS and 17–19 SS) were determined
25% of each cross) were identified by somite defects, KV defects and loss of
Fig. 3. Asymmetric gene expression is initiated randomly in ntl and tbx16
mutants. (A–C) At 10–12 SS spaw is normally expressed in a symmetric
‘perinodal’ domain flanking KV (arrow in panel A) and is just being initiated
asymmetrically in left LPM (arrowhead in panel A). All views are dorsal; left (L)
and right (R) sides are indicated in panel A. In both ntl and tbx16 mutant
embryos, perinodal spaw expression was greatly reduced or absent (arrow in
panels B, C) and LPM expression was left-sided, right-sided (arrowhead in
panels B and C) or bilateral (see Table 1). (D–F) At 17–19 SS spaw remained
left-sided in wild-type embryos (D) and randomized in tbx16 mutants (E), but
was bilateral in all ntl mutants (F) (see Table 1). (G–I) The nodal antagonist
charon is expressed around KV in wild-type embryos (arrow in panel G) and
tbx16 mutants (arrow in panel H), but is reduced or absent in ntl mutant
embryos (arrow in panel I).
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2003). While the role of perinodal spaw around KV is less
clear in zebrafish, this expression domain is greatly reduced or
absent in both ntl and tbx16 mutant embryos (Figs. 3B, C).
While our analysis demonstrates that asymmetric spaw
expression is initiated randomly in both ntl and tbx16 mutants
in the absence of normal perinodal spaw expression, we
cannot distinguish whether the later bilateral spaw expression
pattern in ntl mutants results from defects in the midline,
charon function or both. However, randomized unilateral
initiation of spaw in ntl and tbx16 mutants indicates that
despite clearly distinct KV defects, the ability of KV to direct
initiation of asymmetric gene expression is compromised
similarly by loss of ntl or tbx16.
Tbx16 plays a cell-autonomous role in KV formation and the
initiation of LR patterning
tbx16 MO knockdown
We have shown that Tbx16 is expressed in DFCs and plays
a role during KV morphogenesis that is distinct from Ntl, but
these experiments do not address whether Tbx16 acts in DFCsor other cells to control KV development. tbx16 mutants have
aberrant gastrulation movements and accumulate trunk somitic
precursor cells in the tailbud, due to migration defects,
ultimately giving rise to a ‘spade’ tail (Ho and Kane, 1990).
Thus, perturbation of KV might be caused by gastrulation
defects and/or dysmorphology of surrounding tissues in the
tailbud. To separate the role of Tbx16 in DFCs from its
functions in other embryonic cells, we targeted antisense
tbx16 morpholino oligonucleotides (MO) specifically to
DFCs. When injected into the yolk cell of embryos at the
1–4 cell stages, MO enter all embryonic cells via cytoplasmic
bridges and knockdown gene expression globally. However,
when injected into the yolk cell ∼1000-cell stage, MO are
excluded from most embryonic cells, and enter DFCs (Amack
and Yost, 2004). To generate DFCtbx16 MO embryos, lissamine
(red-fluorescent) tagged tbx16 MO was injected and fluor-
escent microscopy was used to select embryos in which tbx16
MO had diffused throughout the yolk and incorporated into
DFCs. Tbx16 protein was present in all uninjected control
embryos (100%, n=50; Figs. 4A–D), but was undetectable in
tbx16 morphants (100%, n=26; Figs. 4E–H) analyzed
between 60% and 90% epiboly, indicating that tbx16 MO
effectively blocked translation of Tbx16 during these devel-
opmental stages. Tbx16 expression in DFCs (arrowhead in
Figs. 4B–D) was readily detected in the majority of uninjected
embryos (70%, n=50). In contrast, most DFCtbx16 MO
embryos (75%, n=56) which showed MO localized to yolk
nuclei and DFCs (Figs. 4I, M), displayed a specific loss of
Tbx16 protein in either the entire DFC domain (Figs. 4I–L) or
a subset of DFCs (Figs. 4M–P). All DFCtbx16 MO embryos
had normal Tbx16 expression in margin cells and paraxial
mesoderm. These results indicated that in the majority of
DFCtbx16 MO embryos, Tbx16 was knocked down in at least a
portion of DFCs without affecting Tbx16 expression in other
embryonic cells.
As a control to assess whether phenotypes observed in
DFCtbx16 MO embryos are specific to loss of Tbx16 in DFCs or
due to MO injection into the yolk cell and yolk syncytial layer
(Chen and Kimelman, 2000; Ober and Schulte-Merker, 1999;
Rodaway et al., 1999), tbx16MO was injected into the yolk cell
between the dome stage and 30% epiboly. The cytoplasmic
bridges between the yolk cell and DFC precursors are thought to
be closed by these stages (Cooper and D'Amico, 1996), such
that MO would be restricted to the yolk cell (referred to as
yolktbx16 MO embryos). In most of these embryos, tbx16 MO
localized to nuclei in the yolk cell and was absent in DFCs and
other embryonic cells (Fig. 4Q). Similar to uninjected embryos,
Tbx16 expression in DFCs was intact in most (67%, n=30)
yolktbx16 MO embryos (Figs. 4R–T). Interestingly, MO was
observed in DFCs in some yolktbx16 MO embryos, suggesting
that cytoplasmic bridges between the yolk and DFC precursor
cells were not closed in all embryos at these stages, reiterating
the importance of screening embryos by fluorescent micro-
scopy. The generation of DFCtbx16 MO embryos, and control
yolktbx16 MO embryos, provided a system to dissect the
developmental role(s) of Tbx16 in DFCs, and their KV
progeny, from its roles in other embryonic cells.
Fig. 4. Tbx16 expression in tbx16 morphant, DFCtbx16 MO and yolktbx16 MO embryos. All panels are dorsal views between 70% and 90% epiboly stages. In uninjected
embryos (A–D), fluorescent immunostaining detected Tbx16 protein (green) in margin cells, paraxial mesoderm and DFCs (arrowhead in panels B–D). In Tbx16
morphants (E–H), tbx16 MO was distributed to all embryonic cells (E) and Tbx16 expression was greatly reduced or absent (F). Two representative DFCtbx16 MO
embryos are shown (I–P), in which tbx16MO localized to nuclei in the yolk cell (arrows in panels I, M) and loaded into DFCs (arrowheads in panels I, M). In a portion
of DFCtbx16 MO embryos (I–L), tbx16 MO blocked Tbx16 expression in all DFCs without affecting its expression in margin cells or paraxial mesoderm. In other
DFCtbx16 MO embryos (M–P), Tbx16 expression was abrogated in a subset of DFCs (arrowhead in panels O, P), but remained normal in other DFCs (arrow in panels
O, P). In yolktbx16 MO embryos, tbx16 MO localized to yolk nuclei (arrows in panel Q), but did not enter DFCs or affect Tbx16 expression in DFCs (arrowhead in
panel N) or other embryonic cells. Panels D, H, L, P and T show a close-up of DFCs from merged images.
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development
When injected between the 1–4 cell stages, fluorescent
tbx16 MO entered all embryonic cells (Fig. 5F) and induced
developmental defects seen in tbx16 mutants (Figs. 5B, J, N, R,
Vand Fig. S3B, F). These included the ‘spade’ accumulation of
cells in the tail (arrow in Fig. 5B), trunk defects (Fig. 5B and
Fig. S3B), midline abnormalities (Fig. 5J and Fig. S3F) and KV
morphology defects (Fig. 5N). Light microscopy of live
embryos revealed that KV formation was disrupted in the
majority (76%, n=145) of tbx16 morphants (data not shown).
As in tbx16 mutants, aPKC and aTubulin immunostaining in
tbx16 MO embryos showed that ciliated KV cells were present,but formed a dysmorphic KV (Fig. 5N) that in some cases
included multiple mini-vesicles (n=3/11). These results, along
with anti-Tbx16 immunostaining analysis (Figs. 4E–H)
demonstrate that tbx16 MO delivered to all cells can inhibit
Tbx16 protein expression and phenocopy tbx16 mutants.
In contrast to tbx16 morphants and mutants, DFCtbx16 MO
embryos did not develop a global tbx16 phenotype. At 24 h
post-fertilization (hpf), tbx16 MO localization in DFCtbx16 MO
embryos was restricted to the yolk and a small group of cells in
the tail (Fig. 5G), consistent with the fate of KV cells (Melby et
al., 1996). These embryos showed normal tail (Fig. 5C), trunk
(Fig. 5C and Fig. S3C) and midline (Fig. 5K and Fig. S3G)
development, similar to control embryos (Figs. 5A, I and Figs.
Fig. 5. Tbx16 functions cell-autonomously in DFCs to control KV morphogenesis and LR development. (A–D) Live embryos at 24 hpf. (B) tbx16 morphants show
defects seen in tbx16 mutants including a ‘spade’ tail (arrow in panel B) and trunk defects (arrowhead in panel B). In contrast, DFCtbx16 MO (C) and yolktbx16 MO (D)
embryos appeared similar to uninjected controls (A). (E–H) Fluorescent images corresponding to (A–D). Fluorescent tbx16 MO was found in all cells in tbx16
morphants (F), but remained only in the yolk cell (arrow in panel G) and a small group of cells in the tail of DFCtbx16MO embryos (arrowhead in panel G). tbx16MOwas
restricted to the yolk cell (arrow in panel H) in yolktbx16MO embryos (H). (I–L) sonic hedgehog (shh) marks midline structures such as the floor plate (fp) and notochord
(n). Kinks in the midline often seen in tbx16 morphants (arrow in panel J) were not observed in DFCtbx16 MO (K), yolktbx16 MO (L) or uninjected (I) embryos. (M–P)
aPKC/aTubulin co-immunostaining of KV cells between 6 and 8 SS. KV morphology defects were observed in DFCtbx16 MO embryos (K) similar to defects in tbx16
morphant (J) and mutant (Figs. 2G–L) embryos. Control yolktbx16MO embryos (L) formed a normal KV similar to uninjected embryos (I). (Q–X) Left–right asymmetry
was analyzed (see Table 2) by RNA in situ hybridization of spaw in LPM at 17–18 SS (Q–T) and lft1 and lft2 in precursors of the brain and heart respectively at 22–
24 SS (U–X). sonic hedgehog (shh) marks the midline. Views are dorsal and left (L) and right (R) sides are indicated in panel Q. In wild-type embryos, spaw (Q) and lft1
and lft2 (U) were asymmetrically expressed on the left. Expression of these markers was altered in tbx16morphant (R, V) and DFCtbx16MO embryos (S,W). LRmarkers
were unaffected in yolktbx16 MO embryos (T, X).
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KV in the tailbud appeared to develop normally. In contrast, KV
form was dysmorphic in DFCtbx16 MO embryos (60%, n=217).Immunostaining of KV cells in DFCtbx16 MO embryos showed
KV phenotypes similar to those in tbx16 mutant and morphant
embryos (n=9/11) and the formation of mini-vesicles at a low
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which tbx16MO was found only in the yolk (Fig. 5H) appeared
similar to uninjected embryos (Figs. 5D, L and Figs. S3D, H),
and had a normal spherical arrangement of ciliated KV cells
(n=4/5; Fig. 5P). Taken together, these results indicate that
Tbx16 plays a cell-autonomous role in DFCs that is essential for
normal KV development.
Tbx16 in DFCs controls LR development
Due to the pleiotropic phenotype of tbx16 mutants and
morphants, the role for Tbx16 in LR development is not known.
We hypothesized that Tbx16 functions in DFCs, by mediating
KV form and function, to control LR asymmetry. To test
whether KV defects in DFCtbx16 MO embryos are sufficient to
disrupt LR patterning we analyzed asymmetric spaw expression
between 17 and 19 SS. Similar to tbx16 mutants (Table 1; Fig.
3E) and morphants (Table 2; Fig. 5R), spaw expression was
randomized in DFCtbx16 MO embryos (Table 2; Fig. 5S). We also
observed randomized lefty2 (lft2) in the heart field and lefty1
(lft1) in the left dienchephalon of the developing brain (Table 2;
Fig. 5W). In control experiments, spaw expression was normal
in the majority of embryos in which a standard negative control
MO was delivered to all cells (control morphants) or targeted to
DFCs (DFCcontrol MO embryos) (see Table 2). Asymmetric
markers were also mostly normal in yolktbx16 MO embryos
(Table 2; Figs. 5T, X), indicating that LR patterning defects
observed in DFCtbx16 MO embryos are not a result of impaired
yolk cell function. These results indicate that abrogating Tbx16
function in DFCs–without affecting gastrulation or midline
structures–alters LR development.
Consistent with aberrant expression of asymmetric markers,
organ laterality was disrupted in DFCtbx16 MO embryos. Un-
injected embryos showed normal rightward looping of the heart
tube (94%, n=116) marked by cardiac cmlc2 RNA in situTable 2
Analysis of molecular markers of LR asymmetry
Marker Embryos n Left Right Bilateral Absent
spaw
(LPM)
Uninjected controls 257 90% 3% 4% 3%
Control morphants 25 96% 4% 0% 0%
tbx16 morphants 166 28% 17% 23% 32%
DFCtbx16 MO 123 58% 14% 21% 7%
DFCcontrol MO 19 89% 0% 11% 0%
Yolktbx16 MO 55 87% 4% 9% 0%
lft2
(heart)
Uninjected controls 286 92% 2% 2% 3%
tbx16 morphants 115 42% 29% 3% 26%
DFCtbx16 MO 133 47% 26% 12% 15%
Yolktbx16 MO 52 85% 6% 2% 8%
lft1
(brain)
Uninjected controls 286 71% 1% 2% 26%
tbx16 morphants 115 23% 17% 3% 57%
DFCtbx16 MO 133 38% 18% 11% 33%
Yolktbx16 MO 52 75% 6% 4% 15%
Expression of spaw, lft2 and lft1 were analyzed by RNA in situ hybridization
and scored as left-sided, right-sided, bilateral or absent (see Fig. 5). spaw was
examined at 17–18 SS and lft1 and lft2 were analyzed at 22–24 SS. The data
presented represent pooled results from at least 3 independent experiments,
except for control morphants and DFCcontrol MO embryos. For these only 1
experiment was performed and the effects on LR asymmetry were consistent
with previous reports (Amack and Yost, 2004; Essner et al., 2005). n is the
number of embryos analyzed.staining (Fig. S4A) and normal diencephalon asymmetry in the
brain (90%, n=116) marked by left-sided leftover expression
(Fig. S4E). In contrast, heart looping in DFCtbx16 MO embryos
(Fig. S4D) was often reversed (29%, n=45) or symmetric along
the midline (9%, n=45). Brain laterality was also reversed (Fig.
S4H) in DFCtbx16 MO embryos (29%, n=45). These organ
laterality defects were similar to those seen in global loss-of-
function tbx16mutant and morphant embryos. In tbx16mutants,
heart laterality (Fig. S4B) was abnormal in 33% (n=46) and
brain laterality (Fig. S4F) was reversed in 21% (n=29) of the
embryos. Similarly, heart looping was altered in 36% (n=86) of
tbx16 morphants (Fig. S4C) and brain laterality was reversed in
29% (n=93) of these embryos (Fig. S4G). Gut asymmetry was
not analyzed due to early endoderm and gut defects in tbx16
mutants (Warga and Nusslein-volhard, 1998) that can complicate
interpretation of laterality. Taken together, our analysis of
DFCtbx16 MO embryos indicates that Tbx16 plays a cell-
autonomous role in DFCs upstream of asymmetric expression
of spaw, lft1 and lft2–via control of KV formation and function–
that is essential for normal LR patterning of the heart and brain.
Ntl and Tbx16 do not regulate one another in DFCs
Since Ntl and Tbx16 both function cell autonomously to
control DFCs and there is evidence that Ntl is genetically
upstream of Tbx16 in some mesodermal cell types (Griffin et al.,
1998), we tested whether Tbx16 expression in DFCs requires Ntl
and vice versa. Double fluorescent immunostaining was used to
analyze Tbx16 and Ntl protein expression in ntl and tbx16
morphant embryos between 70% and 90% epiboly. In uninjected
embryos (n=5/5), Tbx16 and Ntl were co-expressed in DFCs
(arrowhead in Figs. 6A–C). In tbx16 morphants, Tbx16
expression was abrogated (n=5/5; Fig. 6D), but the pattern of
Ntl expression appeared normal, including DFC expression
(arrowhead in Fig. 6E). Ntl was not detected in ntl morphants
(n=5/5, Fig. 6H), but Tbx16 expression was normal except for a
widening of the dorsal stripe of cells that do not express Tbx16,
as described by RNA analysis of tbx16 expression in ntl
mutants (Griffin et al., 1998). In these morphants, Tbx16
protein accumulated in cells below the dorsal margin in DFCs
(arrowhead in Fig. 6G). These data indicate Tbx16 expression
in DFCs during late epiboly is not dependent on Ntl and
conversely that Ntl in DFCs is not dependent on Tbx16.
Ntl and Tbx16 control different steps of KV morphogenesis
To further characterize the roles of Tbx16 and Ntl during KV
morphogenesis, we analyzed KV cells at different develop-
mental stages by aPKC and aTubulin immunostaining of
embryos injected with either tbx16 MO, previously described
ntl MO (Nasevicius and Ekker, 2000) or standard negative
control MO. We used morphant embryos rather than mutant
embryos because ntl and tbx16 mutants (only 25% of a
heterozygous intercross) are difficult to identify reliably at
stages pertinent to KV formation. Apical aPKC and aTubulin,
not detected in migrating DFCs during epiboly stages, first
appeared at the end of epiboly (tailbud stage). This marks the
Fig. 6. Ntl and Tbx16 are not dependent on one another in DFCs. (A–C) Double fluorescent immunostaining of Tbx16 (green) and Ntl (red) in wild-type embryos
showed co-expression of these proteins in DFCs (arrowheads) between 70% and 90% epiboly. Tbx16 expression was not detected in tbx16 morphants (D), but Ntl
expression in DFCs was unaffected (E). In ntl morphants, Tbx16 was expressed in DFCs (G) in the absence of Ntl protein (H).
Fig. 7. Ntl and Tbx16 regulate distinct steps of KV development. Co-immunostaining of aPKC and aTubulin in KV cells (E–P) at four time-points defined temporally
distinct steps of KV development in wild-type (represented as illustrations in panels A–D) and control MO injected embryos (E–H). These steps include a mesenchymal to
epithelial transition (MET) marked by apical membrane biogenesis in KV cells (A, E), aggregation of apical membranes into a central cluster (B, F) and formation (C, G)
and expansion (D, H) of the fluid-filled KV lumen. For simplification, cilia were excluded from the diagrams in panels A–D. In ntlmorphant embryos, apical membranes were
established (I) and clustered (J), but the KV lumen failed to inflate (K, L). Apical foci were present in tbx16morphants (M), but KV cells did not aggregate (N). Lumen formation
proceeded without apical clustering, giving rise to dysmorphic and/or multiple vesicles (O, P). All confocal micrographs are at the same scale (see scale bar in panel E).
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analyzed KV cells from the tailbud stage through 6 SS in
uninjected embryos (represented by illustrations in Figs. 7A–D)
and control MO injected embryos (Figs. 7E–H). Between
tailbud and 1 , dispersed foci of aPKC co-localized with short
KV cilia (Figs. 7A, E). At 2–3 SS, these aPKC foci had
converged to form a central apical cluster (Figs. 7B, F). At these
stages, KV cells exhibited apicobasal polarity, but the apical
surface was compact. By 4 SS a lumen had formed and the
apical domain of KV cells lining the lumen had expanded (Figs.
7C, G). At 6 SS the lumen had inflated further and the cilia had
elongated (Figs. 7D, H). In ntlMO embryos (Figs. 7I–L), apical
aPKC foci present at tailbud-1 SS (Fig. 7I) had clustered by 2–
3 SS, but remained in a more linear configuration (Fig. 7J)
rather than forming a rosette as seen in controls (Fig. 7F). At
4 SS and 6 SS, KV cells were still tightly clustered in ntl MO
embryos, as the lumen failed to form (Figs. 7K, L). In contrast,
tbx16MO embryos (Figs. 7M–P) showed a substantial defect in
apical clustering of KV cells. In these embryos, aPKC foci
appeared between tailbud and 1 SS (Fig. 7M), but failed to form
a central apical cluster (Fig. 7N). Instead, KV cells remainedFig. 8. Differentiated KV cells are absent in ntl;tbx16 double mutant and morphant em
mutants (D) resembled embryos injected with ntlMO (F), tbx16MO (G) and ntl+ tbx1
8 SS. Differentiated KV cells (arrowheads in panels I–K, M) were present in wild-typ
morphologies (see Fig. 2). In contrast, aPKC/aTubulin positive cells were not detect
RNA expression was present in DFCs (arrow in panels O and P) in uninjected contrdispersed or formed multiple clusters. Lumen inflation then
appeared to proceed without a centralized apical clustering,
consistent with giving rise to small misshapen lumens and
multiple mini-vesicles at 4–6 SS (Figs. 7O, P). These results
suggest Tbx16 plays an important role in apical clustering of
KV cells and that Ntl is required for lumen formation.
Ntl and Tbx16 together are required for differentiated KV cells
Our analyses of KV development indicate tbx16 and ntl
control distinct steps in KV formation. To test whether loss of
both factors would have an additive or synergistic affect on KV
morphogenesis, we analyzed embryos generated by crossing
fish doubly heterozygous for ntl and tbx16 mutations. At 24 hpf
we observed the expected 9:3:3:1 phenotypic ratio of wild-type,
ntl mutant, tbx16 mutant and double ntl;tbx16 mutant embryos
(Figs. 8A–D), as previously described (Amacher et al., 2002).
At 8 SS, wild-type, ntl, tbx16 and ntl;tbx16 embryos were
separated and then analyzed by co-immunostaining KV cells
with aPKC and aTubulin antibodies. As described above,
aPKC+/aTubulin+ KV cells were present in wild-type (Fig. 8I;bryos. (A–H) At 24 hpf, ntlmutants (B), tbx16mutants (C) and ntl;tbx16 double
6MO (H), respectively. (I–N) aPKC/aTubulin immunostaining of KV cells at 6–
e (I, M), ntl mutant (J) and tbx16mutant (K) embryos and showed characteristic
ed in ntl;tbx16 double mutants (L) or ntl+ tbx16 MO embryos (N). (O–P) sox17
ols (O) and ntl+ tbx16 morphants (P) at 70–80% epiboly stages. n=notochord.
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n=6/6) embryos. In contrast, KV cells were not detected in ntl;
tbx16 double mutant embryos (Fig. 8L; n=0/6). To confirm this
result, embryos were co-injected with ntl MO and tbx16 MO.
Double ntl+ tbx16MO embryos phenocopied ntl;tbx16 mutants
(Fig. 8H). Consistent with results from double mutants, aPKC+/
aTubulin+ KV cells were not detected in double ntl+ tbx16
morphants at 4 SS (n=0/5), 6–8 SS (n=0/6; Fig. 8N) or 10–
12 SS (n=0/5). To determine whether ntl and tbx16 are
involved in specifying DFCs, we analyzed DFC markers in
ntl+ tbx16 double morphants and control embryos during
gastrulation. At the 80% epiboly stage, sox17 expression was
detected in DFCs in uninjected (n=124/129; Fig. 8O), ntl MO
(n=70/71), tbx16MO (n=69/70) and the majority of ntl+ tbx16
MO (n=61/72, Fig. 8P) embryos. A second marker, cb81
(ZFIN), also labeled DFCs in ntl+ tbx16 morphants (n=9/13;
data not shown). At 3–4 SS sox17 expression persisted in KV
cells in uninjected (n=30/33), tbx16 MO (n=37/39) and ntl
MO (n=22/22) embryos. In contrast, sox17+ cells were not
detected in most ntl+ tbx16 MO embryos (n=8/49 were
sox17+). Together, these results indicate that ntl and tbx16 are
not involved in specifying DFCs during gastrulation, but are
required together for the specification or maintenance of KV
cells during early somite stages.
Discussion
Recent observations of nodal flow in the embryonic node in
mouse (Nonaka et al., 1998), Kupffer's vesicle (KV) in
zebrafish (Essner et al., 2005; Kramer-Zucker et al., 2005)
and medakafish (Okada et al., 2005), the notochordal plate in
rabbit (Okada et al., 2005) and the gastrocoel roof plate in frog
(Schweickert et al., 2007) suggest that cilia-dependent asym-
metric fluid flow is a conserved mechanism that directs LR
asymmetric gene expression and organ laterality. However, the
developmental genetic pathways and embryonic lineages that
control the formation of these essential ciliated structures
remain unknown. Kupffer's vesicle (KV) cells provide a model
system to elucidate the multi-step process by which dorsal
forerunner cells (DFCs) transition from a migratory mesench-
yme to a ciliated epithelial sheet that forms a lumen and
generates asymmetric fluid flow. Here, we identify the T-box
transcription factor Tbx16 as a regulator of KV morphogenesis.
We show Tbx16 is co-expressed in DFCs with a related T-box
factor Ntl. T-box factors have been proposed to interact in T-box
networks (Goering et al., 2003). Here we show that mesench-
yme to epithelial transition, an early step in KV specification, is
abrogated in the absence of both ntl and tbx16 (double mutants
or double morphants), resulting in the absence of ciliated
epithelial cells. In contrast, single ntl or tbx16 mutant embryos
have ciliated KV cells, but these cells fail in specific, distinct
steps in KVmorphogenesis. Although KV defects are distinct in
embryos in which ntl or tbx16 has been knocked-down in DFC/
KV cells, the downstream effects on LR patterning are similar.
This indicates that the distinct ntl-dependent and tbx16-
dependent steps in KV formation are each required for the
ability of KV to pattern LR development.Ntl and Tbx16 cell-autonomously regulate KV morphogenesis
Loss-of-function mutations in either ntl or tbx16 disrupt KV
development and LR asymmetry. This provides evidence that
these transcription factors are key regulators of KV cells.
However, Ntl and Tbx16 are expressed in both the DFC/KV cell
lineage and in other cells that come in contact with DFCs and
KV cells. We have previously shown that Ntl functions cell-
autonomously in DFCs to control KV development (Amack and
Yost, 2004), but it was unknown whether Tbx16 is expressed in
DFCs and has a cell-autonomous function in KV formation, or
whether disruption of KV development and LR asymmetry in
tbx16 mutant embryos were secondary effects due to early
defects during gastrulation (Ho and Kane, 1990). For example,
cell movement defects that result in an aberrant accumulation of
cells in the tailbud surrounding KV cells could result in the
dysmorphology of KV. Therefore, to separate the function of
Tbx16 in DFCs from functions in other cells, we delivered
tbx16 MO to DFCs via yolk cell injection at ∼1000 cell
stage. This injection technique provides the means to create
mosaic embryos in which expression of a targeted protein is
abrogated by MO in DFCs, but remains normal in other cells.
Using this approach, we show that Tbx16 has cell-autonomous
functions in DFCs for normal KV morphogenesis and LR
development (Fig. 5). Importantly, DFCtbx16 MO embryos did
not show pleiotropic phenotypes observed in tbx16 mutants,
such as tail, trunk or cell movement defects (Fig. 5 and Fig. S3),
suggesting that Tbx16 expression in DFC/KV cells does not
have a role in gastrulation or trunk and tail development. While
this does not exclude the possibility that Tbx16 expressed in
other cells also has roles in LR development, it demonstrates
that Tbx16 in DFC/KV cells controls LR development by
regulating KV morphogenesis.
A T-box network controls multiple steps in KV morphogenesis
KV formation is poorly understood. Using antibodies against
aPKC as a marker of epithelial KV cells (Fig. 7), we provide a
framework for KV development from DFCs (outlined in Fig. 9).
These experiments have revealed a sequence of developmental
steps that include transitioning from mesenchymal dorsal
forerunner cells to epithelial KV cells (MET), establishing
apicobasal polarity, clustering and expanding apical cell
surfaces and forming a lumen. These steps might rely on
cellular and molecular mechanisms that are shared by a variety
of epithelial tubes, such as those found in the kidneys,
vasculature and gastrointestinal tract (Horne-Badovinac et al.,
2001; Lubarsky and Krasnow, 2003). Thus, mechanistic
insights into KV development might prove applicable to other
organs.
Stage-specific analyses of KV cells indicate Ntl and Tbx16
control temporally distinct steps of KV morphogenesis: Tbx16
is required for KV cell aggregation and Ntl controls KV lumen
formation (Figs. 2, 7, and 9). Given the distinct phenotypes of
single mutants or morphants, and the observation that Ntl and
Tbx16 do not regulate each other's expression in DFCs (Fig. 6),
the more severe phenotype of double ntl;tbx16 mutants or
Fig. 9. A framework for KV development. Analysis of KV cells using aPKC
antibodies (see Fig. 7) has identified multiple distinct steps involved in KV
morphogenesis that are compiled here in a working model. I: DFCs migrate as a
loosely associated group of cells during gastrulation. II: At the end of
gastrulation DFCs undergo a mesenchymal to epithelial transition (MET) and
generate aPKC foci (dark shading). ntl;tbx16 double mutants indicate Ntl and
Tbx16 together are required for differentiated KV cells. III: Apical membranes
of KV cells form a central cluster. Apical clustering defects were observed in
tbx16 mutants, suggesting Tbx16 plays a role in this process. IV: The KV
lumen forms, which depends on Ntl function. V: The fluid-filled lumen expands
to create the mature KV organ.
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tively in an early step in the KV pathway. Differentiated KV
cells were not detected in ntl;tbx16 double mutant or morphant
embryos. Analyses of four markers of the DFC/KV cell
lineage–sox17, cb81, aPKC and Tubulin–indicate these cells
are present in ntl+ tbx16 double morphant embryos during
gastrulation but are then undetectable by early somite stages (3–4 SS). This is reminiscent of a previously reported synergistic
interaction between Ntl and Tbx16 that is required for floor
plate development. The floor plate of the neural tube, a row of
spinal cord cells in the midline, is present–and often enhanced–
in single ntl and tbx16 mutants, but the posterior floor plate is
completely absent in double ntl;tbx16 mutant embryos
(Amacher et al., 2002). During early somitogenesis, DFCs
transition from migrating mesenchymal cells to ciliated
epithelial KV cells. The absence of KV markers in ntl;tbx16
mutants suggests Ntl and Tbx16 together are required to
generate KV cells. DFCs in double mutants might die, transfate
or fail to differentiate into KV cells. We speculate that Ntl and
Tbx16 might control the mesenchymal to epithelial transition
(MET) from DFC to KV cell (Fig. 9).
Our results demonstrate that Ntl and Tbx16 function cell
autonomously in the DFC/KV cell lineage to regulate KV
formation and subsequent LR patterning throughout the
embryo. It is possible that Ntl and/or Tbx16 also have non-
cell autonomous functions in surrounding mesoderm through
downstream cell–cell interaction pathways that contribute KV
development, as the DFCtbx16 MO experiments are not designed
to exclude this possibility. Since Ntl and Tbx16 are transcription
factors, the most parsimonious explanation of our results is that
there are three partially-overlapping cohorts of genes expressed
in DFC lineages to regulate KV morphogenesis: (1) MET or
KV-identity genes that can be activated by either Ntl or Tbx16.
(2) Tbx16-dependent but Ntl-independent genes that are
involved in apical clustering of epithelial cells. Tbx16 might
mediate cell migration or cell–cell adhesion. Previous work has
demonstrated roles for Tbx16 in cell movements (Ho and Kane,
1990; Kimmel et al., 1989) and cell contacts (Warga and
Nusslein-volhard, 1998). In one example, the cell adhesion gene
paraxial protocadherin (papc) was shown to be a target gene of
Tbx16 and mediate the effects of Tbx16 on convergence
movements during gastrulation (Yamamoto et al., 1998). papc
is not expressed in DFCs (Yamamoto et al., 1998), indicating
that Tbx16 controls KV cell clustering via downstream gene(s)
other than papc. (3) Ntl-dependent, Tbx16-independent genes
that are required for KV lumen formation and inflation. A
common pathway to create a lumen has been proposed
(Lubarsky and Krasnow, 2003), in which cytoplasmic vesicles
fuse with apical membrane to expand the lumen. These vesicles
might also carry anti-adhesives or ion pumps to the apical
membrane to reduce stickiness of apical surfaces and generate
osmotic force to fill the lumen with fluid. Based on our
analyses, we can now begin to assess candidate genes that might
be downstream of Ntl and Tbx16 and control these different
steps of KV morphogenesis.
Although mutations in ntl and tbx16 affect KV morphology
differently, the effect on KV function and LR development is
similar. We show that the initiation of LR asymmetric gene
expression (spaw) can be left- or right-sided in ntl and tbx16
mutant embryos (Fig. 3, Table 1). Several asymmetric LR
markers, including spaw, are bilaterally expressed at relatively
late stages in ntl mutants (Bisgrove et al., 2000; Long et al.,
2003). Our analyses of spaw expression at earlier initiation
stages in ntl mutants indicates asymmetric gene expression can
209J.D. Amack et al. / Developmental Biology 310 (2007) 196–210begin on the left or right side, but then proceeds to both sides.
This bilateral phenotype at later stages in ntl mutant embryos
is potentially due to loss of midline structures and/or the nodal
antagonist charon. Consistent with this, spaw expression can
initiate and remain left or right-sided in tbx16 mutants that do
not show the midline or charon defects seen in ntl mutants
(Fig. 3).
The cellular origins of KV
Fate mapping experiments have shown that DFCs con-
tribute to KV and then adopt mesendodermal fates rather non-
specifically in the tail (Cooper and D'Amico, 1996; Melby et
al., 1996), suggesting the primary role of DFCs is to build KV
and direct LR patterning. However, it is not clear whether
DFCs are the only cells that make up KV. During epiboly, the
number of DFCs is highly variable, with an average of 21±
6 cells (Cooper and D'Amico, 1996; Essner et al., 2005).
Consistent with the number and variability of DFCs, we found
an average of 30±11 KV cilia at the tailbud stage in control
(uninjected and control MO) embryos. However, by the 4 SS
the number of KV cilia had increased to 53±14 in control
embryos. Assuming all KV cells are monociliated (as in Fig.
S2), this approximate doubling might reflect a round of cell
division. However, cell polarization (i.e. apical aPKC) and
ciliogenesis (i.e. aTubulin) are associated with differentiated
cells that have exited the cell cycle and a large number of
mitotic spindles (labeled by aTubulin antibodies) do not appear
in the vicinity of the forming KV, arguing against cell division
as a mode for increasing KV cell number. Alternatively, non-
DFC cells may be recruited to differentiate and incorporate
into KV. While this ‘recruitment model’ remains to be
explored, it could explain the variability in the number of
KV cilia. At later stages of KV formation (6–8 SS) there is
wide variance in the number of KV cilia in wild-type embryos;
in one batch of siblings, the number ranged from 25 to 121
cilia (n=10 embryos). Thus, it is unclear how many KV cilia
are necessary for proper KV function. Perhaps there is a
threshold number of cilia required to generate a functional
asymmetric fluid flow. The exact number of extra KV cells
recruited may not be important as long as this threshold is met.
While it is possible Ntl and Tbx16 play a role in regulating the
number of KV cilia, further studies are necessary to first
determine the relationship between cilia number and KV form
and function.
In summary, our results show that Ntl and Tbx16 co-
operatively control an early step in KV cell specification and
individually control distinct steps in KV morphogenesis. Loss
of either of these factors compromises the ability of KV to direct
asymmetric gene expression to left side of the embryo. In
keeping with previously characterized mouse and zebrafish
mutants and morphants (Essner et al., 2005; Supp et al., 1999),
our analyses of ntl and tbx16 mutants indicate that the presence
of ciliated cells is not sufficient for normal LR patterning. This
T-box regulated network is required for a multi-step develop-
mental pathway that organizes ciliated cells into a structure that
directs LR development.Acknowledgments
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